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Abstract 
The assessment of mixtures of plant protection substances (pesticides) 
in phytopharmacology and ecotoxicology has often to be based on 
suitable biometrical models. A short review is given on mathematical 
modelling of combination effects. The numerous methods and models 
are subdivided into four different classes: graphical methods, quantal 
response models, generalized receptor models and input/output mod­
els. Features, applications, terminology and restrictions of major 
exponents are discussed. The state of the art is summarized with 
respect to the problem of selecting a model in a specific experimental 
Situation. Consequences for the experimental design of studies on 
coergistic effects are demonstrated and previous work is reviewed 
under this aspect. The need for a systematic comparative evaluation is 
concluded and criteria for this purpose are being proposed. 
Zusammenfassung 
Die phytopharmakologische und ökotoxikologische Beurtei­
lung von Wirkstoff-Gemischen der Pflanzenschutzmittel muß 
sich in vielen Fällen auf geeignete biometrische Modelle stüt­
zen. Es wird ein kurzer Überblick über Verfahren der mathe­
matischen Modellierung von Kombinationswirkungen gege­
ben. Die zahlreichen Methoden und Modelle werden vier 
verschiedenen Entwicklungslinien zugeordnet: graphische 
Verfahren, ,,quantal response"-Modelle, verallgemeinerte 
Rezeptor-Modelle sowie Input/Output-Modelle. Charakteri­
stika, bisherige Anwendungen, Terminologie und Limitierun­
gen der wichtigsten Vertreter dieser Modellklassen werden 
erörtert. Der Stand der Modellentwicklung wird im Hinblick 
auf die Frage der Modellauswahl für spezifische Versuchssi­
tuationen zusammengefaßt. Konsequenzen für das experimen­
telle Design von Coergismus-Studien werden aufgezeigt und 
bisherige Arbeiten unter diesem Gesichtspunkt kritisch 
gewürdigt. Aus den Ausführungen wird die Notwendigkeit 
einer systematischen vergleichenden Modell-Evaluation abge­
leitet und hierfür geeignete Kriterien vorgeschlagen. 
1 lntroduction 
Mixtures of plant protection substances play an important rote 
in todays agricultural praxis. As demonstrated for herbicides 
*) To whom correspondence should be addressed. 
from 1986 data 37 % of the products in 20 European countries 
contained more than one active ingredient (Table 1). These 
preparatioris of combined agents were generated from 156 
different active ingredients mixed in 499 different combina­
tions. Beyond the use of such products, combined action of 
pesticides on target and non-target organisms can also result 
from the use of tank mixtures, from the successive applications 
of persistent phytopharmaca as well as from the unintentional 
or accidental coincidence of plant protection substances in the 
environment. Furthermore, combination effects may result 
from the formulation of plant protection substances with 
adjuvants, from their degradation products or from their 
association with some ubiquitous xenobiotics. 
On the one hand, the intentional use of mixtures of plant 
protection substances can be an important strategy to optimize 
agrochemicals usage with respect to selectivity, specificity, 
resistance problems, environmental impacts and economy 
(PUTNAM and PENNER, 1974; GLFAP, 1987; Council on scien­
tific affairs, 1988) and seems to be interesting from a patent 
view (RICHTER, 1987). On the other hand unintended combi­
nation effects like reduced efficacy against target organisms or 
even damage to crops must be avoided. For an actual example 
the reader is referred to the unforeseen antagonisms of sul­
fonylureas with some other herbicides (O'SULLIYAN and 
KIRKLAND, 1984). Furthermore, the (eco)toxicological assess­
ment of potential combination effects of phytopharmaca has to 
be considered (DFG, 1975; BUTLER, 1977; SIMON-SYLVESTRE 
and FOURNIER, 1979; DIERCKS, 1984). 
These questions of combination effects of phytopharmaca 
might be seen as only one special case within the multidiscipli­
nary discussion about the significance of coergistic effects 
(BAKER and NEUHAUS, 1972; ZBINDEN, 1976; MURPHY, 1980; 
NRC, 1980; WHO, 1981; GRIMME et al., 1986; LAM, 1988; 
SCHMÄHL, 1988). A first systematic attempt to examine 
methods for the evaluation of the effects of mixtures of 
chemicals on both man and non-human biota was brought 
forward by the Scicntific Committee on Problems of the 
Environment (SCOPE) of the International Council of Scien­
tific Unions (ICSU) (VOUK et al., 1987). However, besides 
this extensive documentary work the experts concluded that 
additional research in the field of evaluation is necessary. 
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Currently, the German Umweltforschungskatalog (UBA, 
1988) lists 30 research projects under the key words combina­
tion effects, antagonism and synergism with a total financial 
volume of about 16 million DM. 
According to the United States National Research Council 
simultaneous or sequential "exposure to two or more chemi­
cals" can "result in a qualitatively or quantitatively altered 
biological response relative to that predicted from the actions 
of a single chemical". These circumstances have been defined 
as "toxicological interaction" (NRC, 1980). Thus, if we focus 
on the quantitative aspect of the problem, the main task in 
assessing a mixture of agents is to decide, whether the mag­
nitude of its effect is smaller ("antagonism"), equal to 
("additivism", "non-interaction") or even greater ("syner­
gism") than expected from the dose effect relationships of the 
individual agents (BERENBAUM, 1985). This assessment can­
not be done without making use of some kind of mathematical 
model, designed to calculate expected responses from toxicity 
data of single substances. 
The experimental researcher looking for a suitable 
mathematical model to analyse data on combination effects 
which at the same time seems adequate to the specific experi­
mental situation is confronted with a confusing variety of 
approaches published in the scattered literature. However, the 
validity of results obtained from the use of any of these models 
depends on reasonable assumptions about "expected" effects. 
Thus, a careful examination of the inherent features of the 
different models is necessary in order to make a rational choice. 
Table 1. Combined Preparations in the European Herbicide Market 
Countries 
Austria 
Belgium 
Denmark 
E. Germany
Finland 
France 
Greece
Hungary 
Iceland
Italy
Luxembourg
Netherlands 
Norway
Poland
Portugal
Spain
Sweden 
Switzerland 
U. K.
W. Germany
all countries6) 
total number 
262 
594 
246 
156 
102 
792 
322 
117 
15 
646 
222 
569 
91 
104 
165 
493 
166 
218 
556 
811 
5499 
Products 1) 
Percentage2) of 
combination products 
binary4) multiple5) 
32% 6% 
22% 8% 
24% 8% 
20% 3% 
26% 6% 
34% 14% 
22% 8% 
15% 2% 
7% -% 
19% 5% 
30% 9% 
20% 7% 
8% 3% 
20% 3% 
20% 1% 
25% 4% 
19% 8% 
26% 7% 
28% 16% 
39% 10% 
28% 9% 
Therefore, the purpose of this paper is to give a comprehen­
sive and structured survey of mathematical modelling of com­
bination effects with special emphasis on applications in phy­
topharmacology and ecotoxicology. However, within this 
scope we cannot restrict our analysis to models which already 
have been proposed for the use in these two fields of research. 
2 Generation and classification of models for the assess­
ment of combination effects 
Various methods and mathematical models for the assessment 
of the effects of combinations of agents have been developed, 
partially dating back to the last century. These different 
approaches were not developed subsequently but they reflect 
diverse points of view of physicians, mathematicians and phar­
macologists (BöDEKER et al., 1984; UNKELBACH and WOLF, 
1984). In order to facilitate a structured survey we distinguish 
between four different trends (Table 2): (i) graphical methods, 
(ii) quantal response models, (iii) generalized receptor mod­
els, and (iv) input/output models.
2.1 Graphical methods 
The history of the scientific assessment of combination effects 
started with illustrative graphical treatments of experimental 
data (FRASER, 1870; FREI, 1913) leading to the still valuable 
method of isobolograms, proposed by LOEWE and Mu1scH­
NEK (1926) and further worked out by LOEWE (1927, 1928, 
Active Ingredients 
total number used in 
combinations 
90 42 
106 67 
73 32 
93 35 
52 22 
129 91 
118 57 
84 31 
13 2 
107 66 
69 36 
99 47 
46 9 
79 30 
64 22 
117 66 
67 31 
78 41 
108 72 
105 65 
226 156 
number of different 
combinations3) used 
binary4) multiple5) 
34 
69 
25 
25 
13 
95 
43 
16 
1 
68 
35 
51 
5 
20 
15 
59 
18 
35 
79 
73 
280 
15 
28 
13 
5 
6 
65 
10 
3 
19 
18 
21 
2 
3 
2 
16 
8 
12 
53 
51 
219 
1) Products differentiated by names; some products sold under different names in different countries may be identical in composition.
2) Yalues rounded off.
3) Combinations differentiated by nature of components only; different combination ratios, contents, formulations, applications and distributers
create the !arge number of products.
4) 2 active ingredients.
5) 3-5 active ingredients.
6) Values in this row cannot be calculated as sum or mean of the columms, since one and the same product, active ingredient or combination of 
active ingredients can be in use in different countries, respectively.
Database: The Royal Society of Chemistry, London 1986 
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1953, 1957, 1959, 1961). The main ad van tage of lsobolo­
graphics is a definite concept of additivity ( cf. 3.1) as a basis 
for the assessment. Originally developed for drug assessment 
in clinical pharmacology, lsobolographics has also been 
applied in phytopharmacology (TAMMES, 1964; AKOBUNDU, 
SWEET and DUKE, 1975; NASH, 1981; STREIBIG, 1981). In 
biometrical terms graphical methods are non parametrical, i.e. 
they do not employ any mathematical or statistical estimation 
of the underlying dose response relationships. The intention is 
to detect deviations of experimental data from additivity, 
which is graphically represented by specific reference lines (cf. 
3.1). Since these methods are non parametrical they show 
close limits of inference, that means results are valid only for 
the <loses actually studied. 
2.2 Quanta] response models 
Parametrical methods have been established by Buss (1935, 
1939). Taking up this approach FINNEY (1942, 1945), PLACK­
ETT and HEWLETT (1948, 1952, 1963, 1967), HEWLETT and 
PLACKETT (1950, 1956, 1959, 1964, 1979), ASHFORD (1958, 
1981), ASHFORD and SMITH (1964, 1965) developed the so 
called quantal response models. Quanta! response models 
were derived from probability theory. The biological justifica­
tion originally brought forward assumed that a response of an 
organism to a dose of a substance will occur if the dose exceeds 
a certain threshold of tolerance. The responses considered are 
thought in terms of "all or none" (e.g. dead or alive) and 
called quantal responses. Consequently, in a randomized 
population these thresholds are regarded as statistically nor­
mal distributed, and the typically s-shaped log dose response 
curves are taken as distribution function of the thresholds 
(Buss, 1935). Therefore, quantal response models are 
restricted to monotonous dose response curves. The aim of 
these models is to achieve a concise mathematical description 
of the dose response curves of combined substances by statisti­
cal estimation of the determinating parameters. Combination 
effects are assessed in terms of underlying mode of actions. 
The quantal response models of Simple Similar Action, Inde­
pendent Action, and Canonical Interaction (cf. 3.2) allow 
extrapolation of the effects expected from any dose of com­
bined substances. Despite of their outstanding features little 
attention has been paid to an application of these models to 
practical problems. 
2.3 Generalized receptor models 
GADDUM (1937, 1957), and ARIENS, V AN ROSSUM and 
SIMONIS (1956 a, b, c) considered drug interactions from a 
Tab. 2. Classification of Biometrical Models on Combination Effects 
Class 
graphical methods 
quantal response models 
generalized receptor models 
input/output models 
For details and abbreviations see text. 
Model 
Isobolographics 
Simple Similar Action 
Independent Action 
Canonical Interaction 
Median Effect Model 
Effect Summation 
Effect Multiplication 
molecular point of view, taking into account pharmacokineti­
cal and pharmacodynamical features of drug-receptor interac­
tions. This obviously inspired several authors to develop mod­
els which are thought to approximate biological reality closely 
(ASHFORD and COBBY 1974; CHOU and TALALAY, 1977, 1981, 
1983, 1984; ASHFORD, 1984). Since these models originate 
from studies of drug receptors and enzyme kinetics we call 
them generalized receptor models. Generalized receptor mod­
els for these assessment of combination effects turn out to be 
procedures requiring some knowledge about kinetics of recep­
tor/effector interactions. To our knowledge only the model 
derived from the so called median effect principle (CHOU and 
TALALAY, 1983; cf. 3.3) attained some practical importance at 
least in cancer research. 
2.4 Inputloutput models 
Non parametrical - non graphical approaches have been 
developed and employed by authors (GowrNG, 1960; CüLBY, 
1967; GROEGER, LANG and MICHEL, 1981), who suspected 
that sufficient knowledge of the dose response relationships 
and of the pharmacokinetical and pharmacodynamical 
behaviour of agents is often lacking. Therefore, these models 
take the biological systems as black boxes. Without implicat­
ing any biological premises they just account for the <loses 
administered as input and the observed effects as output. 
Consequently these models will be referred to as input/output 
models. With input/output models the assessment of combina­
tion effects is either based on summation (BERENBAUM, 1981) 
or on multiplication of effects (MORSE, 1978). However, valid­
ity of these models is restricted to definite types of dose 
response curves (BERENBAUM, 1985; cf. 3.4). This point has 
often not been reflected in the widespread use of the evidently 
simple approaches of Effect Summation and Effect Multiplica­
tion. 
3 Examples of models 
Each of the above outlined classes of biometrical methods for 
the assessment of combination effects comprises several differ­
ent models. Not all of them gained appreciation in the scien­
tific literature. Our subsequent considerations focus on main 
exponents (Table 2) which either have been acknowledged as 
a valuable contribution to combination effect studies or which 
were often applied to experimental data by practical workers. 
In the following sections we use the terminology proposed by 
the authors of the different models. In addition to this, we will 
use the terms response and effect synonymously. Furtheron 
we refer to dose response relationships, represented by dose 
Assessment term 
shape of isoboles (see Fig. 1) 
P = F(01 +82 lg(zA +83 za)) 
P=l- J J f(zA ,za,<l>)dzA dza
YA Ys 
p = F(81 + 82 ZA + 83 Za + 84 ZA za) 
Cl= D1/Dx 1 + D2/Dx 2 
CI= D1/Dx 1 + Dz/Dx 2 + D1 Dz/Dx l Dx 2 
E(xd = E(x1 ) + E(x2) 
E(xd = E(x 1) · E(x2) 
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response curves even when concentrations are meant. For 
historical reasons in biometrical terminology doses rather than 
concentrations are investigated. However, for most models no 
differentiation has to be made. 
3.1 Jsobolographics 
Plotting quantitative effects of two substances A and B com­
bined in various proportions against their individual doses 
leads to the presentation of the dose response relationship as a 
dose response surface in the three dimensional space (LOEWE, 
1953). A reduction to a two dimensional plot is then achieved 
by fixing a defined response level (e.g. ED50). All doses of the 
combined substances giving that response are then depicted in 
the plane which is spanned by the axes representing the doses 
of the individual substances. The curve connecting these 
points is called isobole (LOEWE and MursCHNEK, 1926). Fig. 1 
shows the three typical shapes of isoboles which are used to 
distinguish between additivity, synergism, and antagonism. 
This assessment is referenced to additivity: The effects of two 
substances will be called additive, if one substance acts like a 
dilution of the other (LOEWE, 1953). This simple case will be 
expected at least on a receptor level if both substances obey 
the same mechanism of action. LOEWE (1961) called these 
combinations homodynamic, implying that the dose response 
curves are similar, whereas in the case of dissimilar dose 
response curves the isobole of additivity is not likely to appear 
as a line. Therefore with dissimilar dose response curves the 
assessment of synergism and antagonism may be arbitrary 
because of a wrongly chosen reference line (LOEWE, 1953). 
BERENBAUM (1985) opposed to this (cf. 5). 
With respect to the experimental requirements the neces­
sary input has stated to be high for Isobolographics (TAMMES, 
1964; AKOBUNDU, SWEET and DUKE, 1975; ZBINDEN, 1976; 
MURPHY, 1980; NASH, 1981; STREIBIG, 1981; CHOU and 
TALALA y, 1983). Due to the implicit requirement of deter­
minating effect doses which have to be extrapolated by statisti­
cal estimation of the dose response curve (see e.g. FINNEY, 
1945; SCHUMACHER, 1980; MCCULLAGH and NELDER, 1983) 
the procedure may appear somewhat cumbersome. However, 
with the general availability of computers this should no longer 
bc regarded as a serious limitation. 
There has been immense comment on the statistical validity 
of Isobolographics (CHEN and ENSOR, 1953; LOEWE, 1959; 
ABT, GRAUWILER and SCHÖN, 1972; ZBINDEN, 1976). This 
problem derives from the necessity to decide whether eventual 
departure from the additivity line is systematic or due to 
chance. Even by applying tests of statistical significance the 
results attained by Isobolographics are restricted to combina­
tion ratios and response levels which have actually been inves­
tigated experimentally. Currently, extrapolations aiming at 
more general statements like "global additivity" (UNKELBACH 
and WOLF, 1985) cannot be based on biometrical arguments 
within this approach. Another disadvantage of the graphical 
method of isobolograms is its restriction to binary mixtures. 
However, within these limitations lsobolographics is a valu­
able tool for combination effect studies, especially because the 
results are readily accessible ·to interpretations. 
3.2 Models of Simple Similar Action, Independent Action, 
and Canonical Interaction 
In mathematical notation the general dose response relation in 
quantal response models is given by: 
PA (z) = F (y(zl8 1 , ... , 85)). (1) 
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Fig. 1. Isobologram after LOEWE showing diffe_rent types of combina­
tion effects: Additive isoboles are lines connectmg equ1-effect1ve <loses 
a and b of the substances A and B applied singly. Subadditive effects are indicated by elliptical isoboles located above the additivity line, 
and superadditive effects by hyperbolic isoboles located below the 
additivity line, respectively. 
PA means the expected fractional effect of substance A caused 
by the dose z; 81 , ... , 88 are unknown parameters of the 
effect function y which is given by the specific mödel. F is a 
suitable function, usually the normal distribution function. 
Simple Similar Action 
Simple similar action is said to occur in combinations of 
substances having the same site of action (HEWLETT and 
PLACKETT, 1959) as weil as a similar mode of action (PLACK­
ETT and HEWLETT, 1948). To the authors conception this 
implies that every effect of one substance can be achieved by a 
proportional amount of the other, leading to the following 
formula of the combined effect P AB: 
p AB (zAB) = F (8 1 +82log(zA +83zH)). (2) 
As can be shown, in this Model of Simple Similar Action the 
effect functions are linear and parallel. Thereby lines of the 
combined substances are located between the lines of each 
single substance. The aim of this model originally was (i) to 
allow statements concerning the site and mode of action of 
agents, (ii) to parametrise a dose response curve and to enable 
the extrapolation of responses, and (iii) to give a measure for 
the "relative potency" (FINNEY, 1945) of combinations. There­
fore, although Simple Similar Action is conceptionally close 
related to additivity (cf. 3.1), verdicts are not. 
Independent Action 
In the case of Independent Action substances are assumed to 
have different sites and modes of actions (PLACKETT and 
HEWLETT, 1948, 1952; HOEL, 1987). Mathematically this leads 
to a representation of the dose response relationship of the 
combined substances by the following formula: 
P AB (zAB) = 1 - f f f(zA, Zs, <1>) dzA dzs . (3) 
YA YB 
Herein - in addition to the above mentioned abbrevations -
f(zA, z8, <1>) = (2nv'(l-<1>2))-1 exp ((zA2 -2<1>zA zs+zs2)/
-2(1-<1>2)) is the bivariate density function of the normal
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distribution. Depending on the correlation coefficient <t> at 
least three special cases of independent action can be derived 
from the model including the most interesting case of Simple 
Independent Action by the formula: 
"mutually nonexclusive" kinds of effects. The combined 
effects of doses D1 , D2 of two substances can then be assessed 
from 
(7) 
p AB (zAB) = 1 - (1-F(y A)) (1-F(YB)) 
= p A + PB - p APB ( 4) for mutually exclusive and from
Again, the aim of this quantal response model is to paramet­
rise the dose response relationship and thereby to enlighten 
underlying pharmacological behaviours of mixtures. 
Nevertheless the model of Simple Independent Action can 
also be used to assess synergism or antagonism in certain cases 
(cf. 3.4). 
Canonical Interaction 
A quantal response model of Canonical Interaction is derived 
from Eq. (1) in a quite formal way without any biological 
reflection of the dose response relationships. From statistical 
estimation of 
p AB (zAB) = F (81 + 82zA + 83 ZB + 84ZAZB) (5) 
the kind of combined effect can be assessed by the significance 
and the degree of the parameter 84 , so that 
84 = 0 reveals additivity 
84 > 0 reveals antagonism
84 < 0 reveals synergism. 
In general, quantal response models for the assessment of 
the effects of combined agents have been intensively discussed 
in the biometrical literature for about 50 years, thereby giving 
a !arge contribution to the understanding of the mathematical 
implications of combination effects (see e.g. WAHRENDORF 
and BROWN, 1980). In addition to that, the assignment of 
quantal response models to types of "joint action" (HEWLETT 
and PLACKETI, 1959) has been found valuable for ecotox­
icological purposes (KöNEMANN, 1980; HOEL, 1987). Quanta! 
response models are not limited to investigations of binary 
mixtures but can be extended to the study of complex mix­
tures. However, it should be noted that because of the non 
linear parametrisation of most quantal response models the 
determination of the dose response relationships requires 
some amount of mathematics. 
3.3 Median Effect Model 
CHOU (1976, 1977) and CHOU and TALALAY (1977, 1981, 
1983, 1984) invented a model for the assessment of the effects 
of combined substances which we call Median Effect Model. 
Attention has been paid to it for theoretical reasons (BEREN­
BAUM, 1985; SYRACUSE and ÜRECO, 1986) as weil as for 
practical purposes (ACKLAND et al., 1988). The basis of this 
model ist the "median effect principle" (CHOU and TALALA Y, 
1981) derived from the mass action law in studies of enzyme 
inhibitors as: 
(6) 
where f3 is the fractional effect caused by dose D, Dm is the 
dose required to evoke the median effect (ED50) and m gives 
the order of reaction, indicating the degree of sigmoidicity of 
the dose response curve. By simple logarithmic transformation 
of Eq. ( 6) a linearisation can be achieved allowing the determi­
nation of the effect dose Dm either by linear regression analysis 
or by plotting the line. 
Extending this approach to the analysis of combined effects 
the authors differentiate between "mutually exclusive" and 
for mutually nonexclusive drug effects. Dx1 , Dx2 denote the 
doses of the substances applied singly required to evoke the 
effect x. CI is the so called combination index (CHOU and 
TALALAY, 1984) and indicates 
synergism when CI < 1 
summation when CI = 1 
antagonism when CI > 1. 
In order to decide which evaluation term (Eq. 7 or Eq. 8) 
has to be used, dose response curves of all substances and 
combinations tested have to be transformed following the 
median effect principle. If the dose response curves then 
appear to be parallel, the effects will be mutually exclusive. In 
the case one line of the combined substances violates parallel­
ity mutually nonexclusiveness will be stated. If the trans­
formed dose response curves of the single substances are not 
parallel an assessment of combination effects will not be 
supported by the Median Effect Model. 
In principle, the model by CHOU and TALALAY can be 
adapted to combination effect studies with more than two 
substances. By application of this model it is assumed that the 
dose response relationships obey to the mass action law. 
Unfortunately, this model does not provide any tests for 
statistical significance of the results. In addition to that, due to 
heteroscedasticity (i.e. variances of responses are not con­
stant) the estimation of effect doses by linear regression analy­
sis of the transformed Eq. (6) does not lead to valid confidence 
limits. 
3.4 Models of Effect Summation and Effect Multiplication 
Input/output models in general are not designed for statistical 
validation of results. However, since no information on the 
modes of action of substances is required, they might seem as 
an attractive tool. 
Effect Summation 
Assessments according to the model of Effect Summation are 
based on the naive approach of comparing the observed 
quantitative effects E (x1 2) of combined substances with the 
sum of the effects E (x 1), E (x2) provoked by each single agent. 
So, 
E (x12) = E (x1) + E (x2) indicates additivity, 
E (x12) < E (x1) + E (x2) indicates antagonism, and 
E (x1 2) > E (x1) + E (x2) indicates synergism. 
This model is not restricted to the investigation of combina­
tions of binary mixture, but can easily be generalized to any 
number of substances by 
n 
E(x1 2 ... n) = L E(x;) . (9) 
1-1 
The concept of Effect Summation has greatly influenced and 
confused the discussion about the assessment of combination 
effects (FREI, 1913; LOEWE, 1957, 1961; BERENBAUM, 1981). 
However, consensus seems to be achieved that additive effects 
do not simply equal the sum of the single effects. Effect 
Summation obviously lacks any pharmacological apprehension 
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of additivity, therefore, there is no clear reference for the 
determination of combination effects. With respect to the 
pharmacologically founded concept of additivity established 
by LOEWE (cf. 3.1) Effect Summation holds true only for 
linear dose response curves (REIF, 1984; BERENBAUM, 1985). 
Effect Multiplication 
The model of Effect Multiplication, which sometimes is refer­
red to as Multiplicative Survival Model (MORSE, 1978; 
GROEGER, LANG and MICHEL, 1981) is based on the assump­
tion, that in the case of additivity the combined effects of 
substances equal the product of the effects obtained by the 
substances applied singly. So E (xu) = E (x 1) · E (x2) for two 
substances and 
(10) 
i=l 
for n substances, with abbreviations as above. Synergism or 
antagonism will then be stated respectively, if the observed 
combined effect is greater or smaller than the product of the 
single effects. 
The model of Effect Multiplication has been invented in 
phytopharmacology by GOWING (1960) and modified by 
COLBY (1967), but the multiplicative rule was originally 
founded in quantal ·response models as can be seen from 
simple reexpression of Eq. (10) by taking E (x) as a fraction of 
unity and setting P (x) = 1 - E (x). Tbe formula is tben 
transformed to 
which is Eq. (4) for Simple Independent Action. However, in 
contrast to quantal response models no parametrisation of 
dose response curves are obtained by tbe model of Effect 
Multiplication. According to its probabilistic origin, wherein 
statistical independence is assumed for the effects of the 
combined substances, Effect Multiplication does not cover the 
assessment of all kinds of combinations of substances. BEREN­
BAUM (1985) pointed out, that Effect Multiplication just holds 
true for combinations of substances witb simple exponential 
dose response curves. 
4 Terminology 
Tbe different terms labeling types of combination effects have 
been used, inconsistently (ZBINDEN, 1976; BERENBAUM, 
1978). Additivity has often been denoted as summation 
(WEBB, 1963; CHOU and TALALAY, 1983), independence, 
indifference (BERENBAUM, 1981), non-interaction or zero 
interaction (BERENBAUM, 1985). On the one band, as BEREN­
BAUM (1985) comments, the usage of the term additivity might 
be confusing because it is often taken to mean that the effects 
of such combinations may be obtained by adding the effects of 
tbeir constituents, i.e. LOEWE's concept of (dose-)additivity is 
mixed up with that of effect summation (see e.g. RSU, 1985). 
On the other hand, combined effects termed independence, 
indifference or non-interaction will be easily misinterpreted as 
( eco-)toxicologically irrelevant since sometimes they are used 
meaning tbat the effect of a combination is equal to tbe effect 
of the most active component alone (see e.g. PUTNAM and 
PENNER, 1974; HENSCHLER, 1981). However, additive action 
as defined for the models discussed here means tbat the overall 
toxicity of the mixture is still greater tban that of either 
component alone (STRATTON, 1983). 
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Remarkable confusion has been caused by different under­
standings of antagonism and synergism. FEDELI et al. (1972) 
gave a "classification of joint drug effects" containing 5 differ­
ent types of antagonism and synergism each. GOLDIN and 
MANTEL (1957) even distinguished between 7 types of syner­
gism. UNKELBACH and WOLF (1984) claimed synergism to be a 
special case of additivity. Furthermore there is no proper 
differentiation between synergism and potentiation (HEWLETT 
and PLACKETT, 1979, UNKELBACH and PöCH, 1988). LE 
BLANC (1974) states, that potentiation sometimes is used 
synonymously with synergism, while commonly the former is 
used for a characterisation of an effect stronger than syner­
gistic. In contrast, LOEWE (1927) thought of potentiation as a 
special kind of antagonism. 
Notwithstanding the efforts of several autbors (PLACKETT 
and HEWLETT, 1952; LOEWE, 1959; PUTNAM and PENNER, 
1974;UNKELBACH and WOLF, 1984; WOLF and UNKELBACH, 
1985) a standardization in terminology is still not achieved. We 
recommend to labe! different types of combination effects only 
with making clear reference to a definite and pharmacologi­
cally sound concept. In order to avoid further confusion and 
misunderstandings enhanced or weakened effects should be 
named super- or subadditive respectively whenever additivity 
is the reference. 
5 State of the art - Which model to choose? 
The examples discussed above show that some of the different 
models for the assessment of combination effects seem to be 
closely related to others. Therefore, it is not surprising that 
considerable efforts have been made to achieve a mathemati­
cal unification (HEWLETT and PLACKETT, 1959; PLACKETT 
and HEWLETT, 1967; ASHFORD, 1981) as weil as an extension 
of the field of application (ASHFORD and COBBY, 1974; 
UNKELBACH and WOLF, 1984; CHR!STENSEN and CHEN, 1985; 
KüBLER and SCHUMACHER, 1988; UNKELBACH and PöCH, 
1988). 
Anyway, it seems to be consensus that the "normal" effect 
to be expected by any combination of substances is additive, 
meaning that the reference for the assessment is the concept of 
dose additivity as originally introduced by LOEWE (cf. 3.1) and 
Iater referred to as Additive Dose Model (MORSE, 1978). This 
concept is inherent in Isobolographics and in the Models of 
Simple Similar Action and Canonical Interaction. BEREN­
BAUM (1985) showed that the Models of Effect Summation 
and Effect Multiplication as well as the Median Effect Model 
are special cases within this concept. He even gave proof that 
dose additivity is the "general solution" to the assessment of 
combination effects, independent of tbe underlying dose 
response relationships. Nevertheless, to our opinion it is still 
necessary to investigate whether tbis also holds true in tbe case 
of dissimilar dose response curves. 
In general, the assessment of the effects of combined sub­
stances can be devoted to four different pharmacological 
situations. With respect to a definite effect these are: 
a) only the combination is active, but none of the substances
applied singly ("coalitive effect"; LOEWE, 1957),
b) applied singly, only one of the substances is active, but in 
combination the response is altered ("heterergic effect";
LOEWE, 1957),
c) both substances are active and show similar dose response
curves (are within the same family of mathematical functions),
d) both substances are active and show dissimilar dose
response curves.
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The choice of the right model for the assessment of com­
bined effects depends on which situation is found. In the cases 
a) and b) there is no need for a mathematical model at all. For
these situations LOEWE (1927) spoke of variations instead of
combinations. FEDELI et al. (1972) consequently differentiated
between pharmacokinetical and pharmacodynamical joint
action of substances. The assessment of "coalitive" and
"heterergic" effects is sufficiently achieved by demonstrating
that the corresponding substances are inert and for "heterer­
gic" effects respectively that the alterations are statistically
significant. In situation c) the biometrical models can be
chosen by an inspection of the dose response curves according
to Table 3. However, the experimentator should be aware that
an application of the mentioned models has to follow an
explicit decision on the shape of the dose response curves. This
can be extremely difficult, especially with poor data. Making
use of Isobolographics instead of the apparently. convenient
input/output models might bypass this problem. For situation
d) a recommendation is difficult. According to BERENBAUM
(1985) the Additive Dose Model has to be applied. So in case
of binary mixtures, Isobolographics again seems to be the
adequate choice.
In gcncral, for all situations cited above the assessments of 
combination effects should be backed by statistical methods. 
Tab. 3. Choice of Biometrical Models on Combination Effects in 
Relation to Dose Response Curves of Substances 
Model Shape of curves 
linear exponential sigmoid miscellaneous 
Isobolographics X X X X 
Simple Similar Action X 
Independent Action X 
Canonical lnteraction X 
Median Effcct Model X 
Effect Summation X 
Effect Multiplication X 
6 Experimental design of combination effect studies 
Combination effects have often been studied using an experi­
mental design wherein the substances S 1 , S2 are tested alone at 
doses x1 and x2 and subsequently in the combination x 1 + x2. 
Employing this 2 x 2 design extensive work has been carried 
out, for instance in order to study common mixtures of pes­
ticides with respect to non target organisms and soil parame­
ters (DFG, 1986). The argument behind this is provided by 
AUSPURG (1985) who states that the knowledge of the effects 
of the mixture would be sufficient for practical purposes, while 
the analysis of the underlying effects provoked by the con­
stituents would be rather of scientific interest. 
Employing this approach one is left to compare the meas­
ured combined effects with those of the single substances on 
the assumption that any such combination behaves like a new 
compound. Obviously, the disadvantage of this approach is 
that valid conclusions can only be drawn for very specific 
situations with the result that every combination of pesticides 
in every combination ratio and every dose level becomes a test 
case of practical importance. 
Besides, 2 x 2 designs are inadequate to detect any combi­
nation effect other than antagorusm. BERENBAUM (1981) con­
cludes "this inability to demonstrate the existence of synergy 
(or additivism) occurs with all designs in which any of the 
agents is tested only at the dose level used in the combination, 
irrespective of the number of dose levels of the other 
agent(s)". Therefore, 2 x 2 designs are unsuitable for combi­
nation effect studies in phytopharmacology and ecotoxicology. 
For combination effect studies a minimum requirement is 
the knowledge of the dose response curves of the single 
substances. To allow an statistical estimation of parameters at 
least 5 different doses equally distributed around the ED5 0 
should be tested. Beyond this, each specific model comprises 
specific requirements which have to be met (FINNEY, 1945; 
WAHRENDORF and ZENTGRAF, 1981; ABDELBAS[T and 
PLACKETT, 1982; PlSKE and HASTED, 1987). However, for 
many cases these still need to be worked out properly. 
7 Conclusions: The need for an evaluation 
In order to perform meaningful combination effect studies in 
phytopharmacology and ecotoxicology the experimental 
researcher has to employ biometrical evaluation methods. 
When using them the following points are crucial for a correct 
ioterpretatioo of results: 
- knowledge of the biological premises of the biometrical
model
- utilization of a capable test system and design
- statistical validation of results.
These requirements are often hard to be met by the experi­
mental worker because the implicit indispensabilities of 
biometrical models are far from being clarified. This in turn 
adds to the already existing confusion in terrrunology. Further­
more it makes results of different models incomparable. How­
ever, to overcome those difficulties and to allow a wider use of 
biometrical models a comparative evaluation of different 
biometrical approaches is necessary. This could be orientated 
along the following criteria laid out and examplarily applied 
elsewhere (ALTENBURGER et al., in prep.): 
- Experimental requirements, namely experimental design
and amount of data needed.
- Biometrical requirements concerning statistical treatment of
data and shape of dose response curves.
- Sensitivity, as a model's ability to detect deviation from a
test criterion (e.g. additivity).
- Specificity, that is a model's capacity to differentiale
between different types of combined effects.
- Limits of inference, meaning the capacity for and the validity
of extrapolations drawn from the experimental data.
- Pharmacological transparency, i .e. indicating the biological
implications of a biometrical approach and reflecting their
pharmacological understanding.
A comparative evaluation can result in knowledge about the 
specific advantages of certain models for definite experimental 
situations and furthermore it might allow for coherent results 
derived from various methods. Prospect therefore is the defi­
nite assessment of combination effects of pesticides. 
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Mittei lungen 
47.  Deutsche Pflanzenschutztagung in Berl in ,  
1 .  bis 5. Oktober 1 990 
Vorgesehener Programmablauf 
Montag, 1 .  Oktober 1 990 
nachmittags : Eröffnung und Plenarsitzung mi t  Vorträgen eingelade­
ner Redner 
Dienstag, 2. Ok tober 1 990 
ganztägig :  Sektionssitzungen 
Mittwoch , 3. Oktober 1990 
vormittags : Sekt ionssitzungen 
nachmittags : Posterdemonstrat ionen 
Donnerstag , 4 .  Oktober 1990 
ganztägig :  Sektionssitzungen 
Fre itag, 5. Oktober 1990 
ganztägig: Exkursionen 
Thematische Abgrenzung 
Das Programm der Deutschen Pflanzenschutztagung ist für Bei träge 
aus dem Gesamtgebiet des Pflanzenschutzes und der Phytomedizin 
offen .  Ihre Präsentation ist in Form von Kurzreferaten oder als Poster 
mögl ich . 
Veröffentlichung der Beiträge 
Es ist beabsich t igt ,  die Plenarvorträge sowie d ie Kurzfassungen der 
angenommenen Referate und der Poster in einem Tagungsband der 
„Mittei lungen aus der Biologischen Bundesansta l t  für Land- und 
Forstwirtschaft" zu veröffentl ichen und den Tei l nehmern ein Exem­
plar zur Tagung auszuhändigen . Richtlinien zur Erstel lung der Kurz­
fassungen werden nach Annahme der Beiträge übersandt werden .  
Letzter Einsendetermin für die Aufnahme der Kurzfassungen in  den 
Tagungsband wird der 3 .  August 1990 sein .  
Anmeldungen und Anfragen sind zu  richten an : 
Deutsche Pflanzenschutztagung, Messeweg l l / 12 ,  0-3300 B raun­
schweig . 
Nachrich tenbl . Deut . Pflanzenschutzd . ( Braunschweig) 42. l 990 
